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Abstract 
Steel made machine components are often exposed to variable loads during the operation. Thus, their important characteristic is 
fatigue strength, which largely depends on the residual stress in the surface layer of these elements. The fatigue strength of 
components can be increased e.g. by exposing them to shot peening. Influence of shot peening on the defect structure in the 
samples observed by positron annihilation lifetime spectroscopy was studied for various steels. The differences between 
unprocessed and shot peened samples reflect mostly in the intensity ratio decrease of the components attributed to 
monovacancies and vacancy clusters. Shot peening result in uniformization of the vacancy clusters size. The carburized steel 
does not exhibit any changes in positron annihilation lifetime spectra caused by shot peening. On the other hand, the changes in 
the chromium plated steel are considerable. Their origin lies is compression of the microcracks present in the chromium layer 
caused by shot peening. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Organizing Committee of the 
International Workshop PSD-11 
 
Keywords: Positron annihilation; Steel; Shot peening; Vacancy 
1. Introduction 
Shot peening, a one of mechanical surface treatment methods, is widely used to improve fatigue strength of a 
cyclically loaded metallic elements. During shot peening, numerous peening medium elements (e.g. bearing balls, 
cut wire shot, glass or ceramic beads) strike the workpiece surface. These impacts cause plastic deformation of the 
workpiece surface layer. Therefore, increase of the surface layer microhardness and generation of a compressive 
residual stresses occur. Numerous studies are devoted to the surface layer properties of shot peened workpieces (e.g. 
[1-2]). Both destructive and nondestructive methods of the surface layer investigation are used [3-4]. Among them is 
positron annihilation lifetime spectroscopy (PALS), which application to defect study in shot peened materials was 
found quite successful [5-7]. In the present study, PALS is used to investigate influence of vibratory shot peening on 
various steels surface layer, as well as carburized and chromium-plated steel.  
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2. Materials 
The investigations were carried out on a bar-shaped samples with dimensions 4 mm × 15 mm × 100 mm. The 
samples were made of following steels: 
 unalloyed steel C15, 
 unalloyed toughening steel C45, 
 bearing steel 100Cr6, 
 carburizing steel 16MnCr5. 
Chemical composition of the steels is presented in Table 1. 
Table 1. Chemical composition of the investigated steels (wt. %) 
Steel mark C Mn Si Cr Ni Cu P S Fe 
C15 0,18 0,8 0,4 0 0 0 0,04 0,04 Balance 
C45 0,44 0,55 0,21 0,16 0,25 0,08 0,01 0,01 Balance 
100Cr6 1,02 0,37 0,24 1,51 0 0,1 0,01 0,01 Balance 
16MnCr5 0,19 1,20 0,30 1,1 0,24 0,23 0,02 0,02 Balance 
 
In addition to 16MnCr5 steel without cementation and coating, modified samples were prepared: 
 carburized at 1200 K (case depth – 1,5 mm), marked as 16MnCr5(C); 
 chromium plated (thickness of Cr layer – 0,1 mm), marked as 16MnCr5(Cr). 
3. Experimental 
3.1. Shot peening 
Parts of the each steel samples were subjected to vibratory shot peening. The shot peening was conducted in a 
special chamber [8] partially filled by steel bearing balls serving as a peening medium. The samples were fastened 
to the chamber bottom. The shot peening was performed by setting the chamber into vertical vibratory motion, 
causing the balls to bounce, i.e. hit the sample surface. In order to achieve a distinct change of the sample surface 
properties [7], vibratory shot peening was performed at the following parameters: 
 vibration amplitude A = 58 mm, 
 vibration frequency  = 7 Hz, 
 ball diameter D = 6 mm, 
 shot peening time t = 10 min. 
3.2. Positron Annihilation Lifetime Spectroscopy 
Two identical steel samples were put together with the 22Na positron source (270 kBq) in 8 m thick Kapton 
envelope between them. The sample-source-sample arrangement was placed close to two annihilation radiation 
detectors arranged face to face. The detectors were equipped in Ø38 mm × 24 mm BaF2 scintillators. A conventional 
fast-slow coincidence lifetime spectrometer was used for the measurements. Typical counting rate was 5 × 105 per 
hour. The measurements were carried until about 107 counts per spectrum were collected. 
Initially, the PALS spectra were analysed using the LT program [9]. The model function employed for the 
analysis was assumed to consist of three exponential components convoluted with single Gauss function, 
approximating the resolution curve, plus the constant random coincidence background. A single component with the 
intensity 12% and lifetime 374 ps [10] was applied as the correction for positron annihilation in the source envelope. 
The time resolution 235 ps at FWHM was found. The resolution function FWHM and time zero parameters obtained 
from LT were used for lifetime distribution analysis performed using MELT program [11]. The entropy parameter 
value 10-7 was found to give the most probable result for almost all spectra, so the results obtained using this value 
during the analysis are presented below.  
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4. Results and discussion 
Positron lifetime distributions in the unprocessed steels reveals 
existence of three components in each spectrum represented by peaks 
in Fig.1, denoted as: 
 short-lived component (SLC) with the lifetime about 140 ps, 
 medium-lived component (MLC) with the lifetime in the range 
200-350 ps, 
 long-lived component (LLC) with the lifetime above 400 ps. 
Characteristic bulk iron lifetime close to 100 ps [12-13] is not 
observed in the spectra. Such result is common for steels [5, 14-15] 
and it suggests that all positrons are trapped in defects. In all spectra 
dominates SLC, which intensity is over 90 %, in all cases. SLC mean 
lifetime corresponds to a single vacancy on edge dislocation in iron 
[16]. Also the lifetime 152-154 ps, calculated [17] for vacancy-solute 
complexes for steel components (e.g. V-Cr or V-Cu), is close to SLC 
lifetime. 
MLC lifetime varies much more than SLC one. MLC overlaps SLC 
in 16MnCr5 (still it is clearly visible as peak broadening), while MLC 
lifetime is over two times longer than SLC lifetime in C15. Lifetimes 
from this range can be attributed to vacancy clusters, which were 
observed in deformed steel and iron [13-14]. The size of clusters seem 
to be different in each steel. Assuming that these vacancy clusters (Vn, 
where n is the number of vacancies in the cluster) are in iron they 
would be V2 in 16MnCr5, V4 in 100Cr6, V10 in C45 and V15 in C15 
[18]. The size of the cluster seems to be larger for steels with greater 
iron content. It is consistent with general role of alloying material in 
steel, which prevent dislocations in the iron crystal lattice from sliding 
past one another and forming clusters. However, the accuracy of 
lifetime determination for this component is low because of its quite 
low intensity between 4 % and 10 %. 
LLC lifetime determination accuracy is even lower than MLC one, 
because this component intensity is about 1 % in 100Cr6 and 
16MnCr5 and less than 0.5 % in C15 and C45. Thus it is conceivable 
that LLC is artifact, i.e. result of the background misfitting or result of 
 radiation scattering. On the other hand different results for each steel 
and lack of such component in the reference spectra of annealed 
palladium and silicon suggest that its origin is positron annihilation. 
The lifetime exceeding 400 ps indicates that large (over 30) vacancy 
clusters, e.g. microcracks, are the origin of LLC. The longest LLC lifetimes equal 1-2 ns observed in C15 and C45 
can be result of ortho-positronium formation in such microcracks [19]. Positronium formation is probable if iron 
oxidation has occurred on the microcrack surface [20]. 
Positron lifetime distribution in unprocessed 16MnCr5 distinctly changes if the steel is carburized or chromium 
plated (Fig.2). The carburization results mostly in MLC and LLC lifetime increase. All component lifetimes and 
intensities in 16MnCr5(C) are close to the values observed in 100Cr6 steel, which has the highest carbon content 
among the investigated steels. The lifetime increase is probably the consequence of the grain size reduction [6], 
which accompanies carburization [21]. 
The lifetime distribution change is much more substantial after chromium plating (Fig.2). Such an effect is 
comprehensible if we take into consideration, that 90 % positrons annihilate in the chromium layer. SLC mean 
lifetime is definitely longer than in other samples and reaches 160 ps. This value is typical for chromium layer 
deposited on mechanically polished iron [22] and it is consistent with theoretical calculations [23] forseeing positron 
lifetimes for particular defect type longer in chromium than in iron. The largest change in PAL spectra after 
 
Fig.1 Positron lifetime distribution in C15 (a), C45 
(b), 100Cr6 (c), 16MnCr5 (d) steel 
unprocessed  (red line) and after  shot peening 
(blue line). 
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chromium plating is an increase of LLC mean lifetime to 480 ps and its intensity to 48%. LLC lifetime distribution 
width (FWHM > 100 ps) exceeds the width observed in any other sample. It suggest very wide range of the defect 
size in the chromium layer. Such a result is confirmed by neutron scattering measurements, which shows the 
presence of defects with 5-20 nm size in chromium layer [24]. Finally MLC mean lifetime increases to 330 ps, that 
corresponds to about 12 vacancy clusters in chromium [23]. However, MLC is hardly distinguishable from LLC and 
both components can be treated as the single broad lifetime distribution. 
Shot peening causes change in positron spectra of almost all 
samples (Fig.1 and 2). The smallest changes are observed in the case 
of SLC mean lifetime, which is practically unaffected due to shot 
peening in C15, C45 and 16MnCr5(C); slightly increased in 100Cr6 
and 16MnCr5 and decreased in 16MnCr5(Cr). All these differences 
lies within 4 ps and can be attributed to the uncertainty of the results.  
Differently, MLC lifetime change is distinct in all spectra except 
100Cr6 and 16MnCr5(C). There is overall tendency of shifting MLC 
lifetime towards the common value (about 250 ps) as a consequence 
of shot peening. Following this tendency, MLC lifetime decrease in 
C15, C45, 16MnCr5(Cr), increase in 16MnCr5 and stays unchanged 
in 100Cr6 and 16MnCr5(C), where MLC lifetime close to 250 ps was 
already observed before shot peening. There is significant dispersion 
of MLC mean lifetimes among the samples, which is caused probably 
by relatively low MLC intensity and MELT accuracy limitations. 
Still, it seems that shot peening causes formation of the similar size 
vacancy clusters in all samples. This may indicate the formation of 
nanocrystallined grains [6] close to the shot peened surface. 
After shot peening LLC mean lifetime is found between 470 ps and 
610 ps in all the spectra. So there is no indication of ortho-
positronium formation, only the presence of microcracks of more 
uniform size that before shot peening is confirmed. 
A component intensity determination from MELT results is 
difficult and inaccurate. Overlapping components and high number of degrees of freedom at MELT analysis results 
in relative intensity uncertainties from 5-10% in the case of SLC to about 100% for LLC. Therefore the LT analysis 
were performed using a simplified model of discrete components, in order to estimate more accurately changes in 
the intensity of the particular components caused by shot peening. The model is identical to the one described in the 
‘Experimental’ section, but SLC and MLC lifetimes were fixed on values 145 ps and 255 ps, equal to an average for 
whole series found without fixing. The analysis results presented in Table 2 shows that the uncertainties are reduced 
to the acceptable level. However, one have to remember that an intensity can be distorted if respective lifetime 
differs significantly from the fixed value, e.g. I1(u) for C15 is probably underestimated, because MLC lifetime 
determined by MELT is almost 30 % longer than fixed 255 ps. 
Table 2. Results of PAL spectra analysis by LT program for unprocessed (u) and shot peened (sp) steels. Lifetimes 1 = 145 ps and 2 = 255 ps were 
fixed (see text). 
Sample I1(u) (%) I1(sp) (%) I2(u) (%) I2(sp) (%) I3(u) (%) I3(sp) (%) 3(u) (ns) 3(sp) (ns) 
C15 89.3 (4) 84.3 (4) 9.1 (4) 14.0 (4) 1.6 (3) 1.6 (2) 0.59 (11) 0.52 (8) 
C45 89.4 (2) 85.8 (2) 10.1 (2) 13.7 (2) 0.5 (1) 0.5 (1) 0.91 (13) 0.73 (12) 
100Cr6 91.5 (5) 84.0 (4) 4.5 (5) 14.4 (4) 4.1 (4) 1.6 (3) 0.41 (6) 0.53 (9) 
16MnCr5 89.1 (5) 84.4 (4) 9.9 (5) 15.1 (4) 1.0 (3) 0.4 (2) 0.55 (14) 0.70 (18) 
16MnCr5(C) 89.2 (2) 88.9 (3) 10.4 (2) 10.8 (3) 0.4 (1) 0.4 (1) 0.74 (12) 0.76 (15) 
16MnCr5(Cr) 30.9 (4) 54.8 (4) 22.7 (5) 21.5 (4) 46.4 (5) 23.7 (3) 0.49 (3) 0.49 (3) 
 
 
Fig.2 Positron lifetime distribution in 16MnCr5 steel 
carburized (a) and chromium-plated (b)  
unprocessed  (red line) and after  shot peening 
(blue line). 
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The intensity changes caused by shot peening are similar for the unmodified steel samples. SLC intensity I1 
decreases from initial 90 % to about 84 %, while MLC intensity I2 increases to 14 %. A small decrease of LLC 
intensity I3 is observed only in 100Cr6 and 16MnCr5 samples. Such changes confirm already presented 
interpretation that shot peening causes formation of the additional vacancy clusters. This process seems to be absent 
in carburized 16MnCr5(C) sample, where no changes caused by shot peening can be found.  
The intensity change observed for chromium plated 16MnCr5(Cr) is considerably different than in the 
unmodified steel. Intensity I2 is almost unaffected by shot peening, while large increase of I1 occurs at the expense 
of I3. Such changes can be a consequence of the partial reconstruction of the chromium layer, which consist in 
collapsing the microcracks giving contribution to LLC. This process alone would result in proportional increase of 
both I1 and I2. Lack of I2 increase suggest that also concentration of the vacancy clusters decrease, however such 
result can be a consequence of applying an oversimplified LT model, which does not account the lifetime 
distributions. 
Lifetimes 3 obtained as a result of LT analysis have large uncertainties despite fixing 1 and 2. Nevertheless 
their values are roughly consistent with results obtained by MELT. 
5. Conclusions 
The identification of the origin of three components found in the investigated positron lifetime spectra as: 
 a single vacancy on edge dislocation with possible participation of vacancy-solute complexes,  
 vacancy clusters probably present on grain boundaries, 
 microcracks 
allows to describe the shot peening results in a terms of material microscopic structure. 
Distinct increase of the vacancy cluster concentration as well as some uniformization of their size is observed as 
a result of shot peening. Because these vacancy clusters are most likely located on boundaries of the material grains, 
the results reflect reorganization of the material grain structure. 
The carburized steel shows no changes caused by shot peening. Probably its grain structure is already very 
similar to the structure formed as the result of shot peening. 
The changes in the chromium plated steel caused by shot peening are of a different origin. In this case the 
dominating reason for positron lifetime spectra change is compression of the microcracks present in the chromium 
layer. 
Acknowledgments 
Financial support of Structural Funds in the Operational Programme - Innovative Economy (IE OP) financed 
from the European Regional Development Fund - Project "Modern material technologies in aerospace industry", Nr 
POIG.01.01.02-00-015/08-00 is gratefully acknowledged. 
References 
[1] R. Fathallah, G. Inglebert, L. Castex, Prediction of plastic deformation and residual stresses induced in metallic parts by shot peening, Mater. 
Sci. Technol., 14 (1998) 631-639. 
[2] Y. Harada, K. Fukaura, S. Haga, Influence of microshot peening on surface layer characteristics of structural steel, J. Mater. Process. Tech., 
191 (2007) 297-301. 
[3] P.J. Withers, H.K.D.H. Bhadeshia, Residual stress. Part 1 - Measurement techniques, Mater. Sci. Technol., 17 (2001) 355-365. 
[4] B. Okolo, F. Pérez-Willard, J. Hawecker, D. Gerthsen, A. Wanner, Focused ion beam study of the effects of shot peening on the subsurface 
microstructure of normalized pearlitic steel, J. Mater. Process. Tech., 183 (2007) 160-164. 
[5] G. Aldi, P. Coppa, A. Dupasquier, Positron annihilation study of surface deformation in steel, Lett. Nuovo Cimento, 39 (1984) 151-156. 
[6] X.W. Wang, J.Y. Wang, L.Y. Xiong, G. Liu, Defect Characteristics in the Surface Nanocrystallined Material Treated by High-Energy Shot 
Peening, Mater. Sci. Forum, 445-446 (2004) 210-212. 
[7] R. Zaleski, K. Zaleski, Positron annihilation in steel burnished by vibratory shot peening, Acta Phys. Polon. A, 110 (2006) 739-746. 
[8] K. Zaleski, The effect of shot peening on the fatigue life of parts made of titanium alloy Ti-6Al-4V, Eksploatacja i Niezawodnosc – 
Maintenance and Reliability, 4 (2009) 65-71. 
 Radosław Zaleski et al. /  Physics Procedia  35 ( 2012 )  92 – 97 97
[9] J. Kansy, Microcomputer program for analysis of positron annihilation lifetime spectra, Nucl. Instrum. Methods Phys. Res., Sect. A, 374 
(1996) 235-244. 
[10] T. Goworek, W. Górniak, J. Wawrysczuk, The sources of distortions and errors in the analysis of positron lifetime spectra, Nucl. Instrum. 
Methods Phys. Res., Sect. A, 321 (1992) 560-570. 
[11] A. Shukla, M. Peter, L. Hoffmann, Analysis of positron lifetime spectra using quantified maximum entropy and a general linear filter, Nucl. 
Instrum. Methods Phys. Res., Sect. A, 335 (1993) 310-317. 
[12] J.M.C. Robles, et al., Positron lifetime calculation for the elements of the periodic table, J. Phys.: Condens. Matter, 19 (2007) 176222. 
[13] H.F.M. Mohamed, J. Kwon, Y.-M. Kim, W. Kim, Vacancy-type defects in cold-worked iron studied using positron annihilation techniques, 
Nucl. Instrum. Methods Phys. Res., Sect. B, 258 (2007) 429-434. 
[14] W. Rudzi ska, J. Paj k, M. Szuszkiewicz, G. Bujnarowski, A.A. Kluza, Positron Annihilation in Metals Defected by Action of the Tensile 
Force, Acta Phys. Polon. A, 110 (2006) 691-700. 
[15] S. Wang, Y. Li, M. Yao, R. Wang, Compressive residual stress introduced by shot peening, J. Mater. Process. Tech., 73 (1998) 64-73. 
[16] E. Kuramoto, T. Tsutsumi, K. Ueno, M. Ohmura, Y. Kamimura, Positron lifetime calculations on vacancy clusters and dislocations in Ni and 
Fe, Comp. Mater. Sci., 14 (1999) 28-35. 
[17] J. Kuriplach, O. Melikhova, C. Domain, C.S. Becquart, D. Kulikov, L. Malerba, M. Hou, A. Almazouzi, C.A. Duque, A.L. Morales, 
Vacancy-solute complexes and their clusters in iron, Appl. Surf. Sci., 252 (2006) 3303-3308. 
[18] M.J. Puska, R.M. Nieminen, Defect spectroscopy with positrons: a general calculational method, J. Phys. F Met. Phys., 13 (1983) 333-346. 
[19] H.E. Schaefer, R. Würschum, R. Birringer, H. Gleiter, Structure of nanometer-sized polycrystalline iron investigated by positron lifetime 
spectroscopy, Phys. Rev. B: Condens. Matter Mater. Phys., 38 (1988) 9545-9554. 
[20] Z. Surowiec, M. Wiertel, R. Zaleski, M. Budzy ski, J. Goworek, Positron annihilation study of iron oxide nanoparticles in mesoporous 
silicate MCM-41 template, Nukleonika, 55 (2010) 91-96. 
[21] I.-H. Jeong, J.-S. Lee, S.-M. Jung, J.-G. Kim, Y. Sasaki, Grain Refinement of -iron by Repeated Carburizing and Decarburizing Reactions, 
ISIJ Int., 51 (2011) 805-811. 
[22] T. Marek, K. Süvegh, A. Vértes, M. El-Sharif, J. McDougall, C.U. Chisolm, Defect structure of electrodeposited chromium layers, Radiat. 
Phys. Chem., 58 (2000) 693-696. 
[23] T. Troev, A. Markovski, S. Peneva, T. Yoshiie, Positron lifetime calculations of defects in chromium containing hydrogen or helium, J. 
Nucl. Mater., 359 (2006) 93-101. 
[24] Y. Choi, Y.S. Hahn, B.S. Seong, M. Kim, Study of the effect of ultrasonic agitation on the defects size in electro-deposited chromium layer 
by small-angle neutron scattering, Physica B, 385-386 (2006) 911-913. 
 
 
